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PREFACE 


This  report  is  the  first  of  two.  reports  on  the  general  subject, 
cratering  from  high  explosive  charges;  it  compiles  in  narrative  and  tabular 
form  all  available  HE  cratering  data  from  test  series  in  various  media. 

The  second  report  will  analyze  empirically  .the  -results  reported  herein. 

The  study  was  conducted  for  the  Office,  Chief  of  Engineers,  Department  of 
the  Army,  as  a  part  of  Research  and  Development  Subproject  8-12-95-420, 
"Nuclear  Weapons  Effects  on  ..Structures,  Terrain,  and  Waterways"  (Unclassi¬ 
fied).’  It  was  accomplished  during  the  period  October  1957' through  June 
1959  /’by  personnel  of  the  Special  Investigations  Section,  Hydraulics  Divi¬ 
sion,  U.  S.  Army  Engineer  Waterways  Experiment  Station,  under  the  general 
supervision  of  Messrs.  E.  F.  Fortson,  Jr.,  and  F.  R.  Brown.  This  report 
was  prepared,  by  SP-5  R.  A.  Sager,  SP-4  C.  W.  Denzel,  and  Mr.  W.  B.  Tiffany 
under  the  direct  supervision  of  Messrs.  G.  L.  Arbuihnot,  Jr.,  and 
J.  N.  Strange.  "  *  •• 

The  comments  and  suggestions  of  Cdr.  V.  J.  Christensen,  LCdr.  B.  S. 

Merrill,  and  Ma j .  E.  H.  Kleist  as  to  the  -.^yle  and  arrangement,  of  the  mate- 

\\ 

rial  are  gratefully  acknowledged. 

Col.  Edmund  H.  Lang,  CE,  was  Director  of  , the  Waterways  Experiment 
Station  during  the  preparation  of  this  report.  Mr.  J.  B.  Tiffany  was 
Technical  Director.  ••  "  « 
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NOTATIONS 


.da  Apparent  crater  depth,  ft 
d,  True  crater  depth,  ft  " 

(I  t 

Horizontal  diameter  of  camouflet,  ft 

D  Vertical  diameter  of- -camouflet,  ft  / 

’  v  -  / 

h^  Average  crater  lip  height,  ft 

ra  Average  apparent  crater  radius,  ft  v. 

r^  Average  radius  of  rupture  of  camouflet,  ft 

r.  Average  true  crater  radius,  ft  ;■ 

Volume  of  apparent  crater,  cu  ft'> 

V  Volume  of  camouflet,  cu  ft 
c 

V.  Volume  of  true  crater,  cu  ft  ,  . 

X/  i . 

W  TNT  equivalent  charge  weight,  lb 
Z  Depth  of  burial  of  charge,  ft 
aa  Average  apparent  crater  angle,  degrees  (see  fig 
a.  Average  true  crater  angle,  degrees  ('see  fig.  2) 

v  '  ’  ij 

Reduced  charge  position,  Z/W^^,  ft/lb^^ 
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SUMMARY 


Any  effort  to  perform  .an  all-inclusive  analysis  of  HE  fcrateripg  exper¬ 
iments  has,  in  the  past,  met,  with  serious  difficulties  because  .of  "the  inten¬ 
sive  and  laborious  literature  search  necessary  for  the  accumulation  of  per¬ 
tinent  data.-  This  p.eport  was  prepared  in  order  to  summarize  all  HE  crater-^ 
ing  data  In  a  single  report  and  thus  facilitate,  future  reference  and  corre¬ 
lation  attempts.  A  second  report  will  analyze  the  results  presented  herein. 

■  .....  ..  ."<!  :■  ""  "  ” 

The  data.,  cpmpiled  herein  are  presented  in  narrative  and  tabular  form 
and  have  be.en  grouped  according  to  data  obtaihed  from  cratering  in  soils 
(which  includes  <;lays,  loess,  silt,  sand/etc.),  frozen  ground,  rock,  ice, 
and  snow.  Craters  resulting  from  underwater  shots  are  not  considered  in 
this  report.  -  v  "  11  .. 
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CRATERING  FROM  HIGH  EXPLOSIVE  CHARGES 

_  "  .  ..  Jiv. 

:  , COMPENDIUM  OF  CRATER  DATA 


''PART  I:..  INTRODUCTION 

’■  Jf  *'  ‘ 

""  -  1.  Any  future  application  of  large  HE  and  nuclear  explosions  'will 

doubtlessly  involve  near- surface  or  below- surface  detonations  which  will 
produce  craters  of  more  or  less  conventional  shape.  The-military  applica¬ 
tions  of  cratering  are  more  or  less  obvious--e.g. ,  to  damage  or  destroy 

underground  installations,  to  create  barriers  in  various  situations;  etc.; 

"  “  f  •  § 

however,  the  cratering  process  is  now  being  studied  in  spine  detail  for  pro-; 
spective  civil  applications  to  accomplish  a  variety  of  tasks.  Whether  the 
application  be  civil  or  military,  it  is  certainly  desirable  to  be  able  to 
\l  predict  with  the  greatest, possible  accuracy  every  phase  of  the  cratering 
process,  but  particularly  to  be  able  to  predict  the  size  and  shape  of  the 

..  crater  formed.  -  5  ;; 

‘  ••  • 

2.  In  the  past,  any  effort  , to  analyze  and  correlate  cratering  data 

rj  '  i 

from  HE  explosions  has  met  with  considerable  difficulty.  Most  of  these 
data  are  presented  in  countless  report^  where  they  are  treated  as1 primary 
■  information  or  simply .reported  "as  incidental  phenomena.  By  "compiling  and 
.-properly  tabulating, all  of  the  HE  eraser ihg  data  under  one  cover,  a  substan- 
.  " tiall contribution  will- be  made  to  futire  efforts  at  specific  or  comparative 
analyses.  v-  t  .*»  f  .  -  ||  ji  ; 

3.  Therefore,  all  pertinent  he!  cratering  data,  located  during  an  ex¬ 
haustive  literature  search,  have  been  included  in  tallies,  1-6  of  the  main 

"...  I  *  ,y  ,  ■>  -  ■'  ' 

v,,.  body  of  this  report  (covering  crater"  and  camouflet  measurements  in  soil, 

and  crater  measurements  in  frozen  ground/  rock,  ice,  and  snow)  and  table  Al^ 
of  the  appendix  (giving  additional  crater 'measurement's  in  soil),  jpvery  ef¬ 
fort  was  made  during  the  search  to  obtain  every  report  published  which  con¬ 


tained  cratering  data;  however,  in  aft  undertaking  of  this  scope,  it  is  rec¬ 


ognized  that  some  data  were  probably  -overlooked.  Persons  having  access  to  "V 
cratering  data  not" included  this  Report  ard  requested- to  transmit  these 
data  in  tabular  form  (similar  , to  thft  format  of  tables  1-6)  along  with  as  de~  lj 
■tailed  a  description  of'  the  ;hjsd-',;.  as  possible  to:  Director,  -D.  S.  Army 


\  i 


gipn'fee r -waterways  Experiment  Station,  CE,  P.  0,  .Box  631,"  Vicksburg,  Missis 
sippi,  ATTN:  Chief,  Special  Investigations  Section.  Additional  data  so 
received  will  be  published  as  appendices  to  this  report.  „A”seq,ond  report 
on  this  same  general  subject,,  namely,  cratering  from  high  explosive  charges 

will  analyze 'empirically  the  results  presented- herein. 

\1  “  ,/  ,  ■  ... 

Cratering  data  from  underwater  shots  have  been- purposely 'omitted. 


.v  - 
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PART  II:  THE,,  LITERATURE  SEARCH  AND  DATA  TABULATION  PROCEDURES 

Literature  '* 

■  "  ■>. 

5.  As  stated  in  Part  I,  the  Waterways  Experiment  Station  (WI'G)  has  • 
conducted, -..over  a  period  of  several  \ears,  an  exhaustive  literature  search 

m  V  ..  ,»  '  M  <•  ’  -  ■ 

of  all  available  reports,  papers,  and  personal  notes  (some  of  which  were, 
at1  the  time  received,’  unpublished)  that  contained  ■  rater ing  data,  From  “ 
this  intensive  survey,"  a  bit iiography' lias  been  prepared  and  is  presented  at 
the  end  of  the  narrative  "portion  of  thi’s  report. 

■j'-  6.  The  cratering  data  tabulated  herein  were  extracted  almost  en¬ 

tirely  from  the  formal  reports  listed  in  the  bibliography j  a  small  amount  . 
was  obtained  from  shot  records  Arid  personal 'notes  describing. various  test 
results  .wherein  cratering  was  a'  secondary  measurement.  A  few  of  the  re¬ 
ports  listed  .in' the  bibliography  did  not  contribute  per  se  to  the  wealth  of. 
data  tabulated;  however,  these  particular  reports  were  included  since  they 
supplement  reports  from  which  cratering  data  were  extracted.  For  example, 
reference's  9-12  and  16  supplement  the  data  from  the  Engineering  Research  As¬ 
sociates’  (ERA)  Underground  Explosion  test  program,  references  13-15-  Sim¬ 
ilarly,  three  reports  (33,  36,  and  54)  supplement  the  uata  from  the  Project 
Mole  scries,  reference  32;  one  report  (45)  supplements  the  data  obtained 

from  the  Panama  Canal  series,  references  46-50;  five  reports  (24,  25,  20,. 

.  >1 

30,  and  31)  include  information  that  may  assist  in  analyzing  these  data; 
four1  reports  (3,  lO,  29,  and  34)  present  limited  compendiums  of  cratering 
data;  and  two  reports  (26  and  27)  include  descriptions  of  the  coil  at 
several  test  sites  from  which  cratering' data  were  obtained. 

Grouping  of  Data 


7.  Various  crater  measurements  were  obtained  from  more  than  18CC 

/r'  Ki  . 

shots.  Arrangement  of  these  data  into  similar  or  kindred  groups  was  accoi.;.- 
plished  in  order  to  assist  users  in  attempts  to  analyze  the  data.  Grouping 
of  the  data  was  accomplished  by  considering  the  following  tfet-  parameters 

.  u  ■  //•  \  "  I/ 

in  the'  order  named:  type  of'  media  crater(^d|j  shapd^.of  charge,  position  qT 
charge,  and  weight  of  charge.  .■#> *-  „ J/  * 


U 


'll 


Media  grouping 


8.  Based  upon  the  grouping  procedure  just  described ,--  the  following  " 

//..  „  v“  “  U 

tabulation  shows  the  media  groupings  under  which  the  data  are  tabulated: 


Table 


„ _  Media 

Soil  ,  !; 

Soil  ( camouf let"  mea surement s ) 
Frozen  ground 
Rock 

Ice  ■{ 

Snow.  „  ,'vi 


Soil-type  grouping 

9.  Crater  and.  camouflet  measurements  in  soils  (tables  1  and  2,  re¬ 
spectively)  were  subdivided  into  various  soil  tyjes  and  further  grouped  to 


describe  qualitatively  the  condition  of  the  soil  |cs  to  moisture  content. 

The  first  of  these  groupings" ( soil  types)  was- easily  determined  -using  ac¬ 
cepted  soil-classification  procedures.  The  grouping  according  to  moisture 
,  content  was  somewhat  arbitrary.  Where  moisture-content  data  were  available, 
the  following  criteria  were  established  for  classifying  a  given  soil  as  wet, 
moist,  or  dry: 


Type  Soil _ 

‘■'Dry  clay 

Moist  clay  or  loess 
Wet  clay  or  silt 
Dry-lo-moist  sand 
Wet  sand 


Moisture  Content, 

0-12 

13-22 

>22 

0-3 

>7 


It  is  recognized  that  the  assignment  of  numerical  limits  to-- the  various  con¬ 
ditions  of,  wet,  moist,  and  dry  is  highly  dependent  on  grain  size,  organic 
content,-  etc.;  however,  the  criteria  given  are  believed  to  be  acceptable  as 
a  "rule  of  thumb"  for  grouping  the  data  into  similar  conditions  of  moisture 
content. 

10.  ..When  moisture -content  data  were  not  (available,  the  soil  was 
placed  in  a  given  category  based  upon  its  general  description  contained,  in" 
the  particular  report.  Soils  that- could  not  be  classed  as..wet,  moist,,  or 
dry  were  grouped  together  and  .labeled  "indefinite." 

Grouping-  by,...pKarge"  shape 

11.  — Among  the  shots  included  in  b-he-tabulati.ons-,  many  6‘f .  thb-charges- 

S  t! 

detonated  were  not  spherically"  shaped.  Because  of  this,  it  was  necessary 


«  ..w 


to  define  arbitrarily  when  a  given  charge ' departed  sufficiently  from  resem- 
bling  a  point  source  of  energy  to  be  considered  a  shaped,  charge.'  Perhaps 
the  best  way  to  define  which  charges  are  considered  shaped  and  which 
unshaped  is  to  describe  the  unshaped  charge.  To  begin  with,  an  unsliaped 
charge  exhibits  blast  effects  as  though  they  originated  from  a  point  source 
of  energy.  Accordingly,  spherically  shaped  charges,  were  considered 
unsl'iaped .  Also,  charges' that  were,  cubically  shaped  or  that  were  built  up 
of  smaller  charges  into  a  cube  were  considered  to  be  unshaped.  Likewise, 
cylindrical  or  rectangular  charges  (with  square  base)  were  not  considered 
shaped  charges  provided  the  height-to-diameter  (width. of  base)  ratio  was 
less  than  ■  l.."5*  All  charges  not  falling  within"  these  restrictions  were  con¬ 
sidered  to  be  shaped  or  to  propagate  the  explosive  energy  asymmetrically  to 
an  objectionable  degree.. 

12.  Grouping  by  charge  shape  was  required  only  in  table  1  as  the 
data  contained  in  tables  2-6  were  obtained  from,  shots  involving  unshaped 
charges  exclusively;..  “Cratering  data  derived  from  detonations  of  shaped 
charges  ai’e  presented  in  sheets  19-24  of  table  1. 

ChaPge-poaition  grouping  » 

if 

13.  Order.  Each  shot-ffrom  a  given  series  of  shots  in  a  given  medium 
was  listed  in  order  using  the  charge  position  as  the  governing  criterion. 
Those  placed  highest  aboveground  were  listed  first,  and  those  positioned 
deepest  underground  Were  listed  last.  This  grouping  was-  based  on  the  re¬ 
duced  cha,rge  position,  X^,  .  In  keeping  with  conventional  practice,  TNT  Was 
used  as  the  base  explosive;  all  other  explosive  types  were  converted  to 
equivalent  weights  of  TNT  by.,  using  conversion  factors,  when  such  were  avail¬ 
able,  as  described  in  the  following  paragraphs  ,,j 

.  14.  Conversion  of  other  explosives  to  TNT  weights.  The  only  avail- 

..  "  v>-  21* 

able  conversion  factors  for  cratering  were  those  developed  by  Lampson. 

In  a  series  of  experimental  tests,  equal  weights  of  TNT  and  some  other  ex-., 
..plosive  were  detonated  al  identical  charge  positions.  The  craters  were 
measured  and  the  crater  r.adii  compared.  As  defined  by  Lampson:, 

Ex  ;  /wx  V/3  ' 

rTNT  F*TNT  \WTNT/  ‘  ■“  ■>  '  '  " 

*  Raised  numbers  refer  to  similarly  niunbe^d  items  in  the  Bibliography  at, 
end  of  text.  ..  ■ 


I}. 


"  r  =  crater  radius  using  explosive  x  ,  ft 

r,^  =  crater  radius  using  TNT,  ft 

Ex  =  explosive  factor  for  explosive  x  ,  dimensionless 
ETKT  =  explosive  factor  for  TNT,  dimensionless. 

W  =  weight  of  explosive  x  ,  11  ^ 

=  weight  of  TNT,  H 

Since  TNT  is  used  as  the  accepted  base  explosive,  then  E^j  =  1  and 


/w™J W3 


E  _JL  _™T  ' 

x  rTKT  y  J  ... 

To  convert  a  given  amount  of  .explosive  x  to  an  equivalent  weight  of  TNT, 
a  specific  weight  of  TNT  must  be  found  that  will  make  ,, 


rTNT  rx  ’  °r ■ ■ r„ 


Therefore,  from  equation  1, 


ETNT  1  WTNT / 


Again,  E^  =  1  and 


E  =  Hr 

x  l  W 


W 

TNT 


W _ =  E  W 

TNT  x„  x 


Letting  E^  =  k  ,  the  conversion  equation  becomes 


..  WTNT  k  Wx 


Not©  that  ,  k  in  equation  2  is  equivalent  to  Lamp son 1 s  E^ 

15.  The  following  conversion  factors  were  derived  by  Lampson  in 
reference  21 .  •<  "  '  . 


Explosive 


Amatol 

Composition  B 

Dynamite  (kOfi  extra) 

HBX-2 

Minol 

Pentolite 

TNT  ”  .  '  ■ 

Tritonal 


Conversion  Factor , 

fl 

..  "  0.94 

1.06 

V 0.68  '»  ■ 
"  -  1.52:  ■ 

1.48 
1.23 

-  ••  '1.00 

1.37 


....  ••  r  \i  ..  , 

It  should,  be  noted  that  the  above-listed  factors  are  based  on  crater  radius 
only  and  may  be  inappropriate  for  crater  depth;  however,  since.;  no  other,  con-1 
version  system  was  available,  the  foregoing  was  used  .throughout  t^iis  report 
to  Convert  these  types  of  explosives  to  equivalent  weights  of  TTJlr •  Conver¬ 
sion  factors  for  these  same  explosives,  based  on  the  release  of  equal  ' 

.  ■  3  0 

amounts  of  energy,  are  given  in  a  paper  by  Cdr„;  Christensen.  .= 

16.  By  means  of  the  above-listed  factors,  equivalent  weights- of  TNT. 
were  computed  and  used  in  determining  the  value  of  X  appropriate  for  the 

..specified  shot  geometry.  For  those  explosive.',  types  for  which  a  conversion 
factor  was  not  available,  a  value  of  X^  was  determined  by  using  the  ac- 
ty&l  weight  of  the  explosive  in  conjunction  with  the  particular,  depth  of 
burial  of:  charge.  Although  this  procedure  is  only  approximate,  it  does  pro¬ 
vide  a  means  of,  placing  the  shot  at  or  near  its  proper  location  within  the 
respective  tabulations. 

Charge-weight-,  grouping  ..  . 

17.  When  several  shots  -wore  detonated  at  a,  common  scaled  depth  of 

"  •  .  •!  ■'  "  -  ,,  ”  "  v* 

burial  (X^  remains,, constant),  the  shots  we, re  tabulated  in  the  order  of' 
ascending  weight  of  charge.  "IL  "" 


Table  Nomenclature 

18.  The  column:  headings  .for  the  six -tables  are  generally  "the-- same,'" 
and  the  following  descriptions  are  intended  to  -clarify  these  headings. 

„  Item  Number  provides  a  consecutive  count  of  the  total  number  of 
„  listings.  "  ..  ■"  "  .  » 

’f  Source  reveals’  the  source  of  the  data  listed.1)  the  number  refljr^to 

the  corresponding  number- In  the  Bibliography.  ^ 

Explosive  "Data  describe  the  ■  chargp,  used' as'lo  type  ahi  weight  of 


J 


(explosive  and,  when"  possible,  define"  th'§  weight  pf  TNT  that  is  the  equi'v- 
alent  in  cratering  potential ;to  the  particular  explosive  used.  ' 

Charge  Position  describes 'the  actual  position,  of  the  charge  with  re-  / 


spe.ct-  to  the  ground-air  interface  and  the  reduced  position  of  the  charge 
bas.4d  on  TNT  equivalent  or  nonequivalent  weights- as  discussed  in 
,» par  J'graphsT13'-l-6  - 

Crater  Dimensions: 


// 


J) 


Apparent.  Columns  under  this  heading  list  th'fe  apparent  crater 
,  depth,  radius,  height  of  . 'flip, '  angle  lf6f  "  intersection,  and  volume. 

True ■  true'  crater  depth,  radius ,  angle  of  intersection, 

and  volume  are'  listed,  under  this  general  heading.  .  ...  -  . 

- Camouf let .  Subheadings  under' this  general  . heading  define  the 
vertical  and  horizontal  diameters  of  the  camouf let,,  the  radius  of  rupture, 
and  the  camouf let  volume.. ■ 


I  ■ 


.  .  -%  „  -  -  .■  *>”  . 

PkRT  III:  CRATER  DIMENSIONS 


Methods  of  Measuring  the  Various  Crater  Dimensions 


p  19-  Various  methods  were  used  to  determine  the  crater  dimensions  tab--' 
ulated  herein,  particularly  in  sounding’ the  true  crater.  The  following 
paragraphs  discuss  these  methods.  -  -  .. --  -  ■■  ■■ 

n  Routine  survey  method  .  Ip'1 

20.  This  method  adapts  the  simple  level -surveying  techniques  to  de¬ 
termine  the  profile  of  the  apparent  crater.’  This  simply- involves  the  deter¬ 
mining  of  the  change  in  elevation  that  occurs  over  an  established  crater 
diameter...  Variations  of  this,  rudimentary  technique  are  also  used  in 

;  determining  the  true  crater  limits.  <•:  ,  ... 

Probe  method 

21.  This. is  a  method  of  establishing  the  limits  of.  the  true  crater  j 
and. is  based  on  detecting  a  marked  change  in  .resistance  to  penetration  by  a 
probe-  The  probe  is  pushed  through  the  fallback  (see  fig."  1)  until- the  re¬ 
sistance,  to  continued  penetration  increases  sharply.  This  increase  suppos¬ 
edly  occurs  at  the  boundary  of  the  true  crater  which  is  defined;  simply  as 
the  crater  that  existed  prior  to  any  fallback.  Measurements  obtained  using 
this  method  exhibit  considerable  scatter  which  is  primarily  due  to  the  fact 
that  the  probe  can  penetrate  into  a  fissure  that  is  in  reality  a  part  of 

the  complete  rupture  zone,  thus  distorting  considerably  the  penetration 
that  should  have  been  observed.  Because  of  the’  inaccuracies  inherent  in  0 
this  method,  its  use  has  been  abandoned. 


..  © 
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diameter  are  drilled  to  depths  roughly  25  per  cent  greater  than  the  ex¬ 
pected  depth  of  the  .crater  at. any  ..gives  range  from  .surface  zero.  The  holes 
are  backfilled  with  a  mixture  of  .relatively  fine  sand,  lime,  and  cement 
coloring-  in  propdrtion.s  that  will  provide  density  and  strength  properties 
very  similar  to  the  natural  media.  Immediately  after  the  shot,  a  trench  is 
excavated  parallel  to  the  line  of  holes  but'  offset  therefrom  about  3  to 
6  in.  This  3~  to  6-in-,  excess  is  then  shaved  away  until  the  center  of  each 
colored ' column  is  exposed.  The  columns  are  then  surveyed  using  the  routine 
survey  method  described  in  paragraph  20.  This  colored- column  method  is 
very  accurate' for  determining  the  limits  of  the  true  crater. 

Hand  excavation  '  -  '  '  ..  ..  1  '  "  " 

23a  In  this  method  all  loose  material  fl'allback)  is  removed  by  hand 

and  the  "clean"  crater  is  then  surveyed.  This  method  is  appropriate  for 

. . ”  "  ©  ..  •• 

craters  up  to  about  25  ft-  in  diameter,.  Larger  craters  can  normally  be  sur¬ 
veyed  more  easily  usiftg  the  colored- column  method.  The  hand  excavation 
method  is  just  as  accurate, as  the  colored- column  method,  and  is  preferable 
in  many  instances,  particularly  fo.r  small  craters.-  ,.l 


Primary  and  Derived  Crater  Dimensions 


Primary  dimensions 

24 J  Primary  crater  dimensions  are  those  that  are  measured  directly. 
Among  these  are:  radius,  depth,  lip, .height,  camouflet  diameter,  and  per¬ 
haps  others  that  some  agencies  may  have  obtained.  Definition  of  the  more 


Fig.  3-  Schematic  diagram  of  typical  cbmouflet  and  associated  ground  rise 

l!  ™ 

23.  The  cratering  data  reported  in  reference  35  describe  the  crater, 
radius  as  being  the  distance  from  ground  zero  to  the  maximum  height  of  the 
crater  lip.  After  a  cursory  study  of  crater  shapes  at  various  scaled  « 


depths  of  burial;  it  was  concluded  that  these  measurements,.,  cpuld  be  made 
consistent  with  the  definition  shown  in  fig.  2  by  multiplying  the  recorded' 

'  radius  by  0.8.  Therefore;  all  ..values  of  crater  radius  Extracted  from" 

\\ 

reference  35  were  reduced  in  this  manner. 

26.  Some  of  the  cratering  data,  listed  in  reference  4l  were  influ¬ 
enced,  by  an  ..underlying  rigid  interface  when  the  depth  of  ..overburden  was 
less  than  a-  certaifl^ amount .  Fo.r  this "reason;  cratering  data  obtained  from 
those  shotsinfluenced  by  the  proximity  of_the  interface  were  not  included 
i'n  the"  tabulations .  ~~  -*•  - *■  _ 


Derived  dimensions 

27.  Derived  crater  dimensions  are.  those  that  are  computed.  Among 
these  are:  "area,  volume,  and  sometimes  the  crater  angle  (see  fig.  2).  The 
crater  volume  was  obtained  by -various  agencies  in  several  ways.  Usually-, 

•'  ‘  11  " 

however,  it  "was  computed  by  revolving  the  vertical,  cross- sectional  area 
of  the  crater  through  180  degrees'!  In  some  instances,  the  average  half- 
crater  profile  was  used  and  revolved-- through  3&0  degrees.  In  isolated 
cases,  the  crater  volume- was  determined  by  filling -the  void  with  some  sub¬ 
stance,  noting  the  quantity  used.  Many  of  the  references  from  which  data 
were  extracted  did  fto't  describe  the  method  .used  in  computing-  the  crater 
volume.  - 

28.  The  crater  angle  (fig.  2)'  ...determined  from.. the  average  crater 
profile  when  it  was  provided.  When  profiles  were  n^>t„  available,  the  depth, 
radius,  and  lip  height  were  plotted  on  regular  graph 'paper  and  an  assumed 
profile  of  conventional  shape  was  drawn  through  these  plotted  points.  The 
appropriate  crater  angle  was  then  measured  from  the  profile  as  drawn. 


_ „  ,*nM  .i  - "  "  'V  "  j.  fj  lj  ^  "  ” 

''"  29.  Since  the  size  of  a  crater  is. also  a  function  of  the  physical 
properties  of  the  surrounding  media,,  a  general  summary  of  these  properties 
is  presented  for  each  of  the  test  sites "for  which  information  on  the  media  " 
was  available..  Several  of  the  test  series  reported  soil  properties  for  cer-,o 
tain  or  all  of  the  individual  shots;  however,  the  summary  that  follows  is 

based  on  averages  of  the  dat^  provided. 

,  \  -■  , "  ..  ■  -  '  .  ••  ■■ 


■  Wet  Clay. 

'  ■  '■  '  -i 

Dugway  Proving  Ground, 

Utah  (table  1,  source  15)  .  " 


30.  The  test.,  site  is  located  about  30  miles  west  of  the  proving  , 

ground  proper.  '  ,  J 

"The  material  at  the  wet-clay  site  cons,?  sted  of  flat- 
lying,  undisturbed  layers  of  clay,  the  thickness  of  these., 
layers.. ranging  from  0.125  'to  2  ft.  Physically,  the  clay 
was  quite  homogeneous,  thd  apparent  layering  being  marked 
primarily  by  color  variations.  The  deepest  depth  of  clay 
recorded  in  a  test  drill  hole  was  62  ft.  Below  this  depth, 
interbedded  clays  and, sands  probably  occurred. 

"Approkimately  vertical  joints  were  quite  numerous  at 
the  wet-clay  site.  In  general,  they  were  not  so  wide  as 
those  in  the  dry  clay,  but  some  were  open  enough  to  permit 
the,  flow  of  water.  Most  of  the  joints  struck  north- south, 
but  some  occurred  which  struck  east-west. 

"Seismic  surveys,  made  by  the  Corps  of  Engineers,  in-" 
dicated  that  the  seismic  velocity  was  <?800  ft  per  second 
down  to  a  depth  of  3*5  ft;  below  this  depth,  the  seismic  II 

velocity  was  5600  ft  per  second.  The  3.5-ft  level  prob¬ 
ably  corresponded  to,,  the  water  table. "15 

A  summary  of  the  Dugway  test-  site  soil  data  is  presented  in  table  7- 

Camp  Cooke,  California  _  . 

(table  1.  source  32)  "  v_.  ' 

31. '"  Test^shots  311,  31-2,  and  313  of  the  Project  Mole  test  series 
were  detonated  at  this  site  which  is  located  near  the  mouth  of  the  Santa 
Ynez  River  where  the  ground  surface  was  approximately  5-5„ft  above  the 


water  table.  The  surface  was  hard  silty  clay  underlain -by  moist  sandy  clay 


**«••*< 


..  j™- 


to  a  depth  of., at  least  22- ft.  rTable  7  summarizes /the  soil  data  fpr  this 


Clear  Lake,  Texas  „  „  “ 1  '■ 

. ( table.  I,  source  20-),, — ....  _ _ _  - ^-1— - -  % 

32 .  The  test  program  conducted  at  Clear  Lake  was  "accomplished  as  a 
part  of  the  ..Underground  Explosion  test  series  .  ■  These  detonations  tdo'k 

"place  in  Gulf  Coast  clay,  which  "is  more,  specifically  typed  as  "sr sedimentary 
clay.,  Apparently  the  soil  exploration  for  this  site  was  limited  to  a  seis¬ 
mic  survey, . which  revealed  a„  velocity  of  1020  fps  to  a  depth  of  7-5  ft  and 
a  velocity  of  5^10  fps  below  this  depth.  This  sudden  increase,  in  the  seis¬ 
mic  velocity  seems  to  define  the  upper  limits  of  the  water  table  which, 
fluctuate  during  different  seasons  of  >  the  year. 

*  Panama  Canal 
(table  I,  source  49)  " 

33.  All' test  shots  detonated  in” marine  muck" during  the"  Panama  Canal- 

test  program  were  made  in  an' area  between  the  original  canal  and  the  south' 

Miraflores  approach  Channel  to  'the  Third  Locks  of  the  Panama  Canal. 

"The  muck  deposits  are  soft,  very  moist  silts,  clays, 
and  organic  deposits,  which  may  be  subdivided  into  four 
facies  which  intergrade  laterally.  These  facies  comprise 
••  j,  gray  to  blue-gray  silty,  clay;  an  organic  black  "silt"  con¬ 
taining  shells;  black  semi-decayed  vegetable  substances 
"intermixed  with  silts;  and  light-gray  or  yellow-gray, 
weak  plastic  clay.  This  material  was  formed  by  deposition 
in  swamps  during  Pleistocene  time.  \ 

"The  area  used  for  testing  is  partially  covered  by  3  ■■ 

to  5  feet  of  old  hydraulic  fill  of  which  the  top  one-foot., 

is. a  crust  of  mediunirhard,  medium-plastic,  cohesive,  brown, 
loamy  clay.  This  crust  is  softened  by  water  that  covers 
the  area  _at.. high, tide*.’  Directly  beneath  the  brown  clay  is 
■  a  very  soft,  very  highly  plastic,  gray  clay  that  resembles 
soft  so.ap  or  grease.  This  layer' varies  in  thickness  from 
3  to  12  feet.  Most  of  the  shallow  ahd  medium  depth  charges 
were  embedded  in  this  soft  mucky" clay.  Below  this  stratum 
•*’  ">  is  a  layer  of  silty  sand  from  1  to  3  feet  deep  which  is  fol¬ 

lowed  by  mucky  clay  arid  silt,  which  reaches  a  depth  of  20  th, 

30  foet.  The  top  of  weathered  rock  varies  from  a  depth  of 
26  to  36  feet>"^9  •"  """  II 


,7 


■  IV"  Moist  Clay  a 

ii 

WES  clayj-pad  "(table's- T-  -••=-“ — -‘“p”'  ■■  - 

and  2,  sources  39,  42,  43)  * 


34.  Crateriri’g  tests  in  moist  clay  were  conducted  at  the  WES  Big 
Black  test  site  located  approximately  10  miles  southeast  of  Vicksburg,  Mis¬ 
sissippi.  The  shots  were  detonated  in. a  200-  by  100-  by  8-ft-deep  built-up 
clay  pad  (see  reference  42  for  details  of  construction  d'f  pad).-  A  quali¬ 
tative  description  of  the  soil  is  presented  in  table  7-  , 


Vicksburg  clay 

(table  1,  source  44)  .  -  "  " 

■■  ...  .  N 

35*  All  test  shots  in  moist  clay  for, the  WES  energy-partitioning  . 
test  program  were  detonated  near  the  WES  Big  Black  test  site  in  a  natural 
clay  area.  Average  Tesults^bf  Artterberg  .Limits' testis  oh  the.  natural  clay 
were  as  follows:  the  plasticity  index  varied  with  depth -from  30  at  2  ft  to 
13  at  5  ft  to  6  at  23  ft,  and  averaged  13.  Additional  data  are  given  in 
table  ?.  '  ' 

Panama  Canal  residual 
clay  (table  1,  source  50') 

36.  All  test  shots  fired  in  residual  clay  during  the  Panama  Canal- 
test  series  were  located  in  an  area  of  the  Panama  Canal  known  as  White's 
Island.  The  area  is  an  ..undisturbed  clay  barrier  (located  in  the  Third 
Locks  alignment)  that  had  been  cut  down  to  the  present  elevation  and  main¬ 
tained  as  a  dam  between  Miraflores  Lake  and  the  Third  Locks  excavation 
channel.  The^ material  consists  of  a  compact,  slightly  plastic,  medium  co- 
hesivd,  ..red  and  gray  clay  that  is„very  uniform-  in  physical  characteristics 
(see  table  7). 


London  clay  -■  .. 

(table  1,  source  l) 

37-  No  detailed  information  on  the.  soil  was  given  for  the  tests  re¬ 


ported  as, conducted  in  London  clay.  However,  it  was  assumed  that  the  clay=- 
, in  this  region  would  ber  moist  ..to  wet.  .. 
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Dugway  Proving  Ground 
(table  I,  sources  15.  32) 

38.  Test  shots  301  through  320  of  the  ERA  Underground  Explosion  test 
program  and  test  shots  101  through  111  of  the,,.  Pro  ject.  Mole  test  program 
were  conducted  at  Dugway  Proving  Ground,  Dugway,'  Utah.-  ::  .. 

"The  dry  clay  "site  was  loeated-at-  White  Sage  Flat,  about 
12.7  miles  by  road  from  the  Dugway  Proving  Ground  base  camp . 

The  site  was  investigated  by  the  Corps  of  Engineers  and  its 
characteristics  reported  in  detail. . .Great  depths  of  lake 

■  sediments  „(fine  unconsolidated  material)  were  deposited 
there.  Very  thin  sand  lenses,  occurred  and,  below  a  depth 
of.  20  , feet,',  sand  beds  from  one  foot  to  ten  feet  thick  were 

. found.  A  white  marl  layer,  whose  thickness  varied  from  hole- . 

to  hole,  was  present.  Many  of  the  thin  beds  of  the  clays 
were  discontinuous.'  .  "  \  _  ..  -g 

"The  most,  important  structural  features  .of  the  dry  clay 
site  were  two- sets  of  vertical  joints,  one  striking  north- 
south  and  the  other  east-west.  The  north-s^uth  joints  were 
iiore  prominent,  some  of  them  being  from  one  to  two  inches 
wide  and  filled  with  fairly  loose  clay.  It  was  felt  that 
the  presence  of  these  joints  had  a  significant  effect  on  the 
results  obtained  at  the’  dry  clay  site. 

"Fourteen  seismic  lines  were  shot,  at  the  dry  clay  site 
with  velocities  ranging' from  1000  feet  per  second  at  a  depth  "" 
of  3.7  feet  to  6150  feet  per  sepond  at  a  depth  of  93  feet." 

■  A  velocity  of  5400  feet  per  second  was  observed  at  the 
greatest  depth  measured,  138  feet. 

"Ground  water  at  the  site  was.  considered  negligible, 
and  it  was  believed  that  the  water  table  lay  at  a  depth  of 
300  feet  or  more.  No  water  table  was  encountered  in  the 
exploratory  drill  holes,  one  of  which  extended  to  a  depth 
of  163  feet.  A  zone  'Of  capillary  saturation  was  reported 
in  two  of  the  drill  holes  at  a  depbh  of  136  feet. "15 

39 •  For  the  Pro  ject  Mole  test  program  the  moisture  ..content  of  the 
soil  was"  estimated  ,to  be  greater  than  it  had  been  during  the  Underground 
Explosion  test  program.  A  summary  of  the  soil  data  is  presented  in 

table  7-  '« 

0  ::|i- 

Aberdeen  Proving  ' 

Ground  (table  1,  source  17 ) 

40.  These  tests  j/ere  conducted  in  a  very  hard,  dry  clay,  the  density" 
of  which  averaged  about'  90  lb  per  cu  ft.'-  _  ,  ,i__  . 


Naval  Ordnance  Lab  6- 


1+1 .  All  cratering , shots  during  this  test  program  were  detonated  in  a 
heavy,  rock-free  clay.  The  location  of  the  test  site  was  not  reported. 
Because-^of  considerable  weather  variation,  the  moisture  content  of  the  clay 
varied  over  a  wide.,  range  of  values.  Specific  values  of  moisture  content 
were  not  given.  „  "...  „  ..  " 

Wet  Sand  - 


Aberdeen  Proving  ""  ;l  •  \ 

Ground  (table  1,  source  6) 

”42.  Test  shots  !Al6. through  5^42  of  the  Ballistics  Research  Labora¬ 
tory  (BRL)  spherical  charge  test  program  were  detonated,,  at  Sandy  Point  r 
Beach,  Aberdeen  Proving  Ground,  Maryland.  Apparently  no  detailed  soil  ex-’’ 
plorations,  were  made  at  this  site  exdfept  for  determination  of  the  grain- 
size  distribution.  ’.The  grain- size  analysis  is  as  follows: 


'U.  s, 

.  Sieve  Size 

l|  ••  .,'jb  of  Total 

No. 

Opening,  mm 

Sample  Passing 

10 

2.0 

98.1 

20 

'  0.84 

94.9 

40 

0.42 

46.2 

60 

0.25 

11.9 

l40- 

0.105  . 

0.2 

200 

0.074 

0.0 

In  qualitative  terminology,  this  sand  would  be  considered  medium  to  fine 
grained.  i  e. 

Dugway  Proving,,  Ground 

(table  !,  sourde  15)  ’  ■ 

j1  43'.  Test  shots  101  through  116  of  the  ERA  Underground  Explosion  test 

v.  '  •  ij 

program  were  made  at  a  site  located  about.  5  miles  east  Of  the  Dugway,  Prov¬ 
ing  Ground  base  camp.  The  test  area  consisted  of  sand  dunes  with  .the  dif¬ 
ference  in  elevation  between  trough  and  crest  being  about  "20  ft.  The  sand 
depth  was  greater  than  100  ft.  Lenses  of  clay  and  thin  bed.s  of  white  marl 
were  ..present  .near , the  surface,  and  at  lower  depths  some  gravel  lenses  were 

present.,,  _  _ _  * _ _ „  •  _ .  ~ 

44.  Although  .the  site  was  referred, .to  as  a  dry  sahd  site,  the  data  ' 


r. 


j 

>t  ii 
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obtained,  in  tests  therein  have  been  placed  in  table  1  along  with  the  data 

.'from  the.-wet  sand  shots.'  Reference  15  states  that  damp  sand,  was  encoun- 

■“  -  ’’  ©  "..  . 

tered  at  a  depth  ..of  a  few  inches.  Frequent  rain  squalls  during  the  firing 
program  maintained  the  moisture  at  .this  depth j  however,  the  water  table  was 
believed  to  be  somewhat  deeper  than  17P  ft.  Considerable,  moisture  was 
-encountered  in  the  lenses  of  clay  and  the- rather  deep  layers  of .cemented 


sand  and  gravel,^—  "  . . . . "" 

45.  Results  of  seismic  explorations  indicated  the  seismic  velocity 
to  be  800  to  1000  fps  in  the  dune  sands,  and  IpOO  to  2000  ,fps  in  the  water- 
lain  sands  below.  Seismic  values  of  8.000  to  9000  fps  were  encountered 


fr 

below  100  ft. 
table  8. 


More  specific  data  on  the  Dugway  test  area  sand  are  given  in 


46.  Test  sjpots  301  through  310  of,,  thp  Project  Mole  test  program  were 
detonated  near  Camp  Cooke,  California,  •;  y 


Camp  Cooke  / 

(table  1,  source  B2) 


"The  test;'site  is  located  on  the  banks  of'  the  lagoon 
formed  at  the  'mouth  of  the  Santa  Ynez  River.'  ’(.This  lagoon 
is  blocked  from  the  open  sea  by  a  sand  bar  and  observa¬ 
tions  indicated  that  the  water  level  did  not  vary  meas¬ 
urably  with  daily  tides  or  otherwise.  The  original  ground 
surface  at  the  test  site  was  approximately  2  feet  above 
water  level  and  the  soil  consisted'  of  silty  sand  mixed 
with  organic  matter  for  the  first  2  feet,  with  saturated 
sand  underlying  the  area.  The  test  drilling  showed  that 
this  sand. .was  reasonably  consistent  to  a  depth  of  20  feet 
where  it  was  underlain  by  the  so-called  Monterey . Shale . 

For  the  test  series,  the  original  surface  was  removed  by 
bulldozer  in  the  vicinity!  of  the  shot.,  points  and  blast 
lines  so  that  the  final  surface  was  fromi  12  to  21  inches 
above  the  water  table." 3 1> 


Other  data  on  this  material  are  presented -in  table  8. 

WES  interface  study  ■  " 

(table  1,  source  4l).  ...  ..  . 

47-  Test  shots  31, and  J2  of  the ,. WES  soil-rock .  interface  study  were 

h 

detonated  the  WES  Big  Black  test-site.  Data  from  te.st  shots  where  the 
soil-rock  interface  influenced  the  shape  of  the  crater  (‘shots  33  through'" 
36)  were.,  omitted  from  this,  beport"  (see  paragraph  26).  -  The  soil-rock  inter^ 
fafee-was— formed  -by '.a'  massivfe  concrete  slab,,  with"  an  overlying  layer  of  sandj 
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The  sand  was  "pit  run"  and  was  kept  in  a  saturated  state  (see  table  8). 

O  ”  M  _  • 

Marshall  Islands  ■_  , 

(table  1,  source  53) 

48.  In  1952,  HE  shots  were  fired  on  Elugelab  Island,  Eniwetok  Atoll, 
^in  material  that  is  defined  as  a  water- saturated  coral  sand.  Apparently  no 
detailed  soil  explorations  were  made  at  this  site.  •  -  -•  “  •• 


Dry-to-Moist.,SaM~ . :>;< 


Yucca  Flats  •/ 

(tq';ble  1,  sources  2 ,  7)  - 

49.  The  HE  test  shots  of  Operation  JAN&LE  were  fired  at  Yucca  Flats 
of  the  Nevada  test  site.  For  all  practical  purposes,  the  test  area  was 
flat.  '  The  soil  'was  defined  as  ■  extremely  fine,  powderlike  sand  mixed  with 
soDib  gravel.  The  seismic  velocity  was  3000  fps  to  a  depth  of  100  ft.  A 
summary  of  other  soil  information  is  presented  in  table  8. 

Aberdeen  Proving  “ 

Ground  (table  1,  source  6) 

50.  Test  shots  5C1 . through  l/4  C8  of  the  BRL  spherical-charge  test 
program  were  fired  at  Aberdeen  Proving  Ground  in  a  large  sand  pit  40  in.  * 

*  \i 

deep.  ,.  The  average  moisture  content  of  the  sand  was  3-3  per  cent.  Appar¬ 
ently  no  further  soil  explorations  were  made  at  this -site  except  for 
determination  of  the  grain- size  distribution,  which  was  as  follows: 


u.  s. 

Sieve  Size 

°!o  of  Total 

No. 

Opening,  mm 

Sample  Passing 

■  6 

3.36O  „ 

90.12 

10.  . 

2.0 

79-26 

20  ■ 

0.84 

' 55-28 

'  '  30 

-  0.59 

39-01 

40 

0.42 

20.70 

60 

0.25 

4.42 

100 

0.149 

3-88  - 

140 

0.105  . 

0.66 

2oO 

•  0; 074 

0.39  - 

Qualitatively,  this  would 

be  regarded  as 

a  coarse  grade  of  sand.  . 

Vicksburg  dry  sand 

• 

11 

(table  1,  source  4o) 

*  -r.  »  i  — - 

•• 

-  •  -  xne  ary- sana  peso  -xxtx 

.  0  "  ■  "  ■■■  _ 

Conducted  at  theiBig  Black  test 

’  x"  x;  . 

4.  » 0 
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site  in  a  rectangular  pit  approximately  10  by  10  by  2.5  ft.  'The  sand  was,, 
classified  as  being  clean  and  well-graded.  Care  was  taken  to  remold  and 
recorapact  the  sand  after  each  shot  to  avoid1  appreciable  density  .variations. 

WES  interface  study  ,  “ 

(table  1,  source'll) 

52.  Test, shots  1-21  of  the  WES  soil-rock  interface  study  were  fired., 

at. the' WES  Big  Black  test  site.  Data  from  test  shots  where  the  soil-rock 
interface  influenced  the  shape  of  the  crater  (shots  22-30)  were  omitted 
from  table  1.  The  pit-run-  sand  overlying  the  simulated  soil-rock  interface 
(see  paragraph  47)  had  a  density  ranging  from  97*6  to  109  lb- per  cu  ft, .and 
averaging  103  lb  per  cu  ft.  Moisture -content  samples  were  taken  at  0.5-, 
1.5-,  and  3.0- ft  depths,  and  the  average  moisture  contents  for  these  respec¬ 
tive  depths  were  4.4,  6.8,  and  7.3  per  cent.  The  over-all  average  moisture 
content  was  6.6  per  cent.  Other  soil  data- for'-- this  ,  site  are  given  in 
table  8.  "  ' " 

Loess  - ,. 

Effects  of  Underground  u 

Explosion  tests,  Natchez,  .  | 

Mississippi  (table  1,  source  20) 

53.  All  test  shots  detonated, in  loess  during  the  Effects  of  Under¬ 
ground  Explosions  test  program -were,  fired* at  a  site  near  Magnolia  Bluff 
about  7  miles  north  of  Natchez,  Mississippi.  Apparently  no  detailed  soil 
explorations' werb  made  at  this  site  except  for  seismic  explorations.  The 
moisture  content  of  the  soil,  although  not  specifically  reported,  seemed  to 
greatly  affect  seismic  velocity;  therefore,  only  the.  surface  seismic  veloc-.. 
ity  of  960  fps  was  considered  accurate.  The  seismic  velocity  at  lower 
depths  varied  .considerably . 

Vicksburg  loess 
(table  1,  source  39) 

“  il  «  ;i"'  , 

54.  These  experimental  tests  were  conducted  in  the  northeast  portion 
of  the  WES  reservation.  The  il-bess  in  this  area  is  very  extensive  and- homo¬ 
geneous.  A  quantitative  description vof  the  material  is  presented  in  .. 
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Various  Soils 

Viojcsburg  silt  ^  "  .. 

.  ( t'able~  1 ,  source  44)  ..  ,.jj  1 

55-’  Test  shots  48-59  of  the  WES  energy-partitioning  test  program 
were  fired  at  the  V7ES  Big  Black  test  site.  The  test  area  was  about  100  by 
200  ft.  All  shots  were  fired  in  undisturbed  natural  sandy  silt  soil.  •”  A 

summary  of  the  soil  data  is  presented  in  table  9  ..  v 

\ 

Camp  Gruber ,  Okla-  "  ..  -  . 

homa  (table  1,  source  5)  •  ,i 

56.  Several  test  shots  were  detonated  in  various  soil  types  during 

the  UET  program,  a  portion  of  which  was  conducted  at  Camp  Gruber.  The 

test  site  is  located  in  Muskogee  County,  Oklahoma,  approximately  14  miles 

southeast  of  Muskogee  and  60  miles  southeast  of  Tulsa.  -y  : 

"The  soils  at  the  site  are  more  or  lejss  heterogeneous 
))  and  consist  of  all  types  of  material  ..ranging  a from  fat  silty  ' 

clay  to  cohesionless,  clean-  sand.  Water-  contents  range  from  • 

-  completely  dry  sand  to  saturated'  sandy  silt's  and  clays.  In 

general,  the  more  plastic  materials  are  overlying  the 
sandier  materials .. .Geological  investigations  reported  by 
the  U.  S.  Geological  Survey!  show  that  the  tests  were  con- 
;i  ducted  in  lacustrine  terrace  materials  deposited  during 

Pleistocene  times.  The  bedrock  consists  of  moderately 
dense,,  sandstones  arid  shales  from  the  Winslow  Formation  of 
.  Pennsylvania  Age. "5 

Princeton  clay  loam  ■  o  .  „  ■ 

(table  1,  source,  37) 

57.,.  During  1944,  test  shots  to  determine  the  effect  of  charge  shape 

and  orientation  on  craters  in  clay  were  detonated  near  the  Ballistics  labo- 
..  (*.■  •». 
ratory  at  Princeton  University  ..Station,  Princeton,  New  Jersey.  The  soil 

was  undisturbed,'  dry,  hard,  Sassafras  clay  loam.  Apparently., no  detailed 

soil  explorations  were  made  at  this  site.  ■■ 

-  ;•  .  -  ;  •  '  "  .  \ 

...  '  -  . . .  \ 

Erozd'h  Ground 


Keweenaw  silt  ...  ”  ».  “■  ‘  - 

(table  3,  source  22)  .  ^'”11 

teat  shots  ih  frozen  Keweenaw  silt  were  detonated  in 


.  \  «  f 


.northern  Michigan I/'  The  test  site,  approximately. 500  ft  square,  was.  free  of - 
stones  and.  boulders  and  was  uniform  in  composition.  The  silt  was  strati¬ 
fied  with  thin,  lenses  of  sand  and  organic  deposits  that  were  apparently  not 

si 

continuous.  The  soil  classification  showed  the  area  to  be  predominantly 
silt  and  sandy  silt.  Plasticity  tests  indicated  the  soil  to  be,’  in  general, 
nonplastic  or  of  low  plasticity.  Preliminary  exploration  indicated  that .. 
the  silt  layer  was  7  ft  deep.  The  moisture  content  of  samples  of  the  soil 
varied,  from  approximately  30  per  cent  to  slightly  more  than  100  per  cent. 

A  summary  of  the  soil  information  from  test  shot  184  at  this  site  is 
presented  in  table  9  •  ’  - 

Fort  Churchill  till..  »  V 

(table  3jj.  sources  23,  52)  0.  \ 

59*  Tests  were  conducted  at  sites.,  located  just  south  of  the  .1 

Churchill,  Manitoba,  airfield  in  1955  and  1957-  The  test  shots  fired-  \ 
during  the  winter’ of  1955  were  accomplished  at  two-  test  sites,  A  and'B,  ,. 
both  in  the  same  eSker.  Three  explosive  types, .  i..e .  Composition  C-3-, 

Atlas  60,  and  Coalite  7-S  (2-  and  5-lb.  charges  only).,  were  detonated  . in  the 
area  designated  as  Blast  Site  A,  At  Blast  Site  B,  20- lb  shots  of  Coalite 
7-S  were -detonated. 

60.  Blast  Site  A  consisted  of  a  layer  of  gravel  ranging  from  6  to 

10  in.  in  thickness,  below  which  igneous  and  sedimentary  boulders  were  dis¬ 
persed  at  random  in"  a  matrix  of  .unstratified  frozen  clay  referred  to  as  un¬ 
stratified  till.  An  average  unit  weight  of  148.7  lb  per  cu  ft  was  obtained 
from  five  large' chunks  of  the  unstratified  till. 

61.  Blast  Site  B  consisted  of  random  layers  of  frozen  vegetable  mat¬ 
ter. over  a'12~  to-36-in.  layer  of  frozen  gravel  with  Jhstratified  till  be¬ 
low.  |  .The  vegetable-matter  layer,,,  which  contained  ice  lenses  as  much  as 

-3  inji.  thick,  had  a  maximum  thickness  of  12  in.  The  average  weight  of’ the 
frozen  vegetable  layer  was  74.6  lb  per  cu  fiA  The  average  weight  of  the 
frozen  gravel  was  143-3  lb  per  cu  ft.  '  - 

062.  The  specific  -test  site  used  during  the  1957  test  series  is  not 
«  '  _  „  *  .•*  ■■ 
described  other  than  being  at  Fort  Churchill. 
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Basalt,  Panama  Canal  -  ~  ;;  -  '  '  „ 

Zone  (table  4,  source  46)  ..  *  f.J;.  ' 

63.  Test  shots  1-10  and  14  of  the  Panama  Canal  "basalt  test  program 

were  fired  in  the  area  known  as  Cerro  Lirio  Quarry.  Test  shots  11-13  were 

detonated  in  the-area  known  as  Paja  Quarry.  Test  shots  15(lA)  through 

18(4A)  were  detonated. in  the  area  known  as  Fort  Kobbe  Quarry. 

.  "The  basalt' is  a  dark  gray,  compact,  very  hard,  fine¬ 
grained  rock  generally  closely  to  moderately  jointed  and 
: — Often  showing  columnar  structure.  It  occurs  in  flows  or 
as  sills  and  dikes  'intruded  into  sedimentary  rofcks  of 
early  Miocene  and  older  age.  At  Cerro  Lirio.  Quarry  it  is 
a  very  hard,  jointed  basalt.  Quarry  blasting  in  the  past 
apparently  has  superficially  weakened  the  rock.,/  The  rock 
at  Paja  Quarry  is  one  of  the  hardest  basalts  known  in  the 
"  vicinity  of  the  Canal  Zone.  It  is  more  closely  jointed 

than  the  Basalt  at  Cerro  Lirio'  and  has  a  prominent  colum¬ 
nar  structure .  The  rock  at  the  Fo.rt  Kobbe  Quarry  is  a 
dark-gray  to  blue-black,  very  hard'  basalt,  similar  in  ab¬ 
rasion  resistance  to  the^Paja  Quarry  rock.  Joints  are 
more  widely  spaced  than  Average  for  Canal  Zone  basalts, 
and  columnar  structure  is  less  prominent'.  Many  of  the 
joints  contain  a  secondary  filling  of  siliceous  minerals, 
quartz  and  chalcedony. 


Niobrara  chalk,  '.site  of  Fort 
Randall  Dam  (table  4,  source  8) 

- - -  -  It  ■  “  —  „ 

64.  All  test  shots  in  chalk. during  this  U.  S.  Bureau  of  Mines  test 
program  were  detonated  at  Fort  Randall  Dam  site,  Pickstown,  South  Dakota. 

A  summary  of  the  physical  properties  of  the  rock  at  this  site  is  presented 
in  table  10.  . 

..  ...  ,  ■■  r  •:  1 

Unaweep  granite,  Grand  Junction, 

Colorado  -  (table  4,  sources  4,  13)  .  „  ■  ■’ 

65. '  All  test,  shots  fe  granite  during  the  Colorado  School  of 'Mines 

( CSM)  Underground  Explosion  test  program  and  the  ERA  Under ground  Explosion  • 
test  pi'ogram.  were  detonated  in  Unaweep  Canyon,  about  25  road  miles  south  of 
Grand  Junction,  Colorado.  Two  types  of,  granite"  occurred^at  the  test  sites, 
a  fine-  to  coarse-grained  light-gray  granite  and  %  very  coarse-grained  gran¬ 
ite.  "The  CSM  test  shots  were,  accomplished7 in  the  fine-  to  coarse-grained 
‘I  *  -  ”  ■  "  ,«  «  '  ’  ••  —  -* 

light-gray  granite  .1  ;  The  ERA  shots  1/ere  detonated  in  both  types.  A  summary 


n 


..of  the  physical  properties  of  the  rock  is  presented  in  table  10. 

Q/anite,  Lithonia, 

v.'2orKia...(  table  source  8)  ..  *,•  v" 

■  1  '■  1  1  ■■■—  -  .  w  ° 

66.  All  test  shots  irl1  granite ’during ..-the  U.  S.  Bureau,  of  Mines~~tfest 
program  were  detonated  at  the  granite  quarry  of  Consolidated  Quarries  Corpo¬ 
ration,  Lithonia,  Georgia.  A  summary  of  the  physical  properties  of  the 
rock  is  presented  in  table  ..10.  ^ 

Limestone,  Dugvay  Proving  n  ' 

Ground  (table  ft,  source  13) 

067.  Both  test  shots  in  limestone- during  the  BRA  Underground  Explo¬ 
sion  test  program  were  detonated  at  a  site  located  about ..10  miles  east:;of 
Dugvay  Proving  Ground,  The  limestone  site  was  not  considered  to  be  partic¬ 
ularly  desirable;  however,  no, better' site  was  found  in  any  area  investi¬ 
gated.  The  limestone  had  several  fault  zones,  the  largest  of  which  oc¬ 
curred  in  the  upper  beds.  The  beds  in  this  area  ranged  in  thickness  from 
0.5 '.to  6.5  ft.  The  depth  to  the  water  table  is  unknown!""  The  limestone  V4s 
quite  dry;  however,  some  moisture  was  nearly  always  present  along  erosion 
channels.  The  seismic  velocity  ranged  from  7000  to  12,500  fps  and  averaged 
11,000  fps.  r, 

Navajo  sandstone,  Castle  Dale, 

Utah  (table' 4,  ;; sources  4,  14) 

68.  All  test  shots  in  sandstone  during  the  CSM  and  the  ERA  Under¬ 
ground  Explosion  test  programs  were  detonated  in  the  upper  part  of  the 
Navajo  sandstone  near  Castle  Dale,  Utah.  The  CSM  test  program  was  con¬ 
ducted  about  23  miles  east  of  Castle  Dale,  Utah,  on  the  northwest  flank  of 
the  San  Rafael  swell.  The  ERA  test  program  was  conducted  about  16  miles 
east  of  Castle  Dale,  Utah,  in  Buckhorn  Wash.  - 

69-.  The  primary  structural  feature  of  both  test  sites  was  the  numer¬ 
ous  sets  of  extensive  joint  systems.  Both  sites  consisted  of  prominent 
-joints  striklng^and  dipping  in  various  directions.  The  exposed  rock  in  the 
areas  lose  moisture  due  to  evaporation;,  however ,  -  the  unexposed  rock  main¬ 
tain  a  .small  amount  of  moisture .  Because  of  the  wide  variations  in  phys¬ 
ical  properties  of  the  sandstone,  specific  values  of  these  properties  are 
not  included  in  this  report,  v.  .  ...  ...  0 


it 
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Green  River  mar  Is  tone.  Rifle,  B ,,  , 

Colorado  (table,  k,  source  8)  ~,-4  "  ■■  \ 

■  : - - - .  /r  "l 

^  "  _  St  ' .  ° 

70.  All  test  shots  in  marl  stone  in  ...this- ’U.  S.  Bureau  cjf  Mines  test 

if  „  '  •>}  '  ^  ■' 

program  were;  detonated  at  the  Experimental  Oil-Shale  Mine,'  Bureau  of  Mines., 
Rifle,  Colorado .  A  summary  of  the  physical  properties  of  the  rock  is  pre¬ 
sented  in  table,  10.  V 


Kanawha  .sandstone,  Penn¬ 
sylvania  (table  L,  source  8) 


71.  ..  All  test  shots  i'n  sandstone  in  thi|)  U.  S.  Bureau  of  Mines  test 
program  were  detonated  at  Seifer  Farm  and  Eali^n’.  QuaL^y  near  Franklin,  Penn¬ 
sylvania..  A  summary  of  the  physical 'properties' of  "dhe  rock  is  presented  in 

„  O'  '*  „v  u>  •  <> 

table  10.  *'  /  H  "  „  //■■  '  '' 
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Culebra  sandstone,  Panama  “  ~  “"((■  "  .  -0  yv' 

Canal  Zone  (table  4,  source  47)  'i<^"||v  ■  ' 

72.  ,  The  two  test  shots  in  CulebJA;;  sandstone  during  the  Panama  Canal 
test  series  were  detonated  on  the  west'pank'of  the  canaiyhear  stations  1750 
and  1760'.  The  test  site  was  in'^the  upper  member  of  the? Culebra  formation. 
The  formation  is  composed  df  beds  and  lenses  of  gray  to  buff,  calcareous 
and  tuffaceous  sandstones,  3  to  10  ft  in  thickness.  Apparently  no  addi¬ 
tional  rock  information  was  obtained  at  the  test  site. 

Gatun  sandstone,  Panama  | 

Canal  Zone  (table  4,  source  48) 

'73.  All  test,. shots  in  Gatun  sandstone  during  the.  Panama  Canal  test 
series  Were  detonated  at  the  south  plug  of  the , , Gatun  Third  Locks'''1  excavation. 

."The  Gatun  formation  is  composed  largely  of  argilla¬ 
ceous,  variably  calcareous,  fine-grained  sandstones  inter- 
bedded  with  fine-te&tured  volcanic ■ tuff s  and  occasional, 
thin-conglomerate  bfds.  .  Bedding  i)in  the  formation  isjnasr 
sive  and  remarkably  uniform,  with  individual  beds  attain-" 

”  ing  thicknesses  of  100  ft  or  more.  The  variably  calcar- 

-  eous  , nature"  of  the  formation  was,.  conspicuous in- LiTe~bed-v7^'  • "  •  • 
a  used:;  for  the  crater  tecta,  where  riumerous  small  masses  of 

hafd\j  well- cemented  sandstone’ graded  into  the,,  surrounding 
•  medium-hard  slightly-cemented  sandstone.  The  abundance  of  *■” 
fossils  show  that  this  formation .represents  the  produce  of  -  . 

marine  deposition  of  middle  Miocene  age,"1*®  -  -  "  ~'K. 


\ 
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Shale,  Panama  Canal  ' 

Zone  (table  .4,  source  47)  * 

rTT,_rr . .  V:. 

74.  All  test  shots  in  shale  during,  the  Panama  Canal  test  series  were'' 

detonated  in  the  Cucarabha  and  C.ulebra  formations  on  the.,  west ,  bank  of  the 

canal  near.,  stations  1750  arid  1760.  V  ..  .» 

’  ■■  -  .  \\  -  .  - 
"The  Cucaracha  formation,',  consists,  of  weak,  locally 
bentonitic  clay  shales  irrterbedded  with  fine,  tuffaceous  ,,  t 

siltstohes;  medium-  to  coarse-grained,.. tuffaceous  sand-., 
stones;  pebble  conglomerates;  thinly  bedded,  "black,  car¬ 
bonaceous,  clayey  shales;  arid  a  hard,  gray  agglomeratic 
tuff  known  as  the  'ash  flow. '  The  clay  shales,  which  are 
predominant,  consist  of  compact,  medium  hard,  variably 
waxy  or  soapy,  massively  bedded,  altered  tuffs.  A  char¬ 
acteristic  feature  of  tfie  clay  shale  is  the  presence  of 
irregular,  smoothly-poli'ihed;’ 'minute  fractures  or  slick- 
ensides.  The  color  is  mainly  greenish-  gray,  but  some 
lenses  within' the  clay  shaleS  are  red  brown  to  chocolate 
•hues. 

The  two  shots  fired  in  the  upper  member  of  the  Culebra  -formation  were  deto- 

n  ~  .  1  " 

nipted  in  shale  although  the  formation  is  composed  mainly  of  sandstone. 


Camp  TUTO,  Greenland  '  *  P  "  „ 

(table  5.  source  5l)  ■'  -  ...  I 

75.  Cratering  test  shots  were  detonated  in  Greenland- in  195(  at  a- 
site  approximately  3  miles  east  of  Camp  TUTO.  Camp. TUTO  is  located  approx¬ 
imately  12  miles  east  Of  Thule  APB.  The  depth  of  the  ,ice  was,, greater  .than 
100  ft  and  its  density  averaged  55*6  lb  per  cu  ft. 


Alta,  Utah,.  '  y;  ...  ......  .  -  .  .;  _ 

(table  6',  source  19) 

;i  76.  In  1956  the  U.  S.  Snow  Ice  and  Permafrost  Research  Establishment 
conducted  tests  near. Alta,  Utah,  in  a  snow  blanket  110,  to  120  in.'  deep. 


Camp  Hale,  Colorado 

(..talple  6,  source  38)  Z  I 

-  7  77.  The  three  crater  test  shots  of  the  1958  WES  snowiest  program 


7  *  11 

vn  4  &  -  1 

.  a  it*- 


(} 


were,  fired  at  Camp  Hale,  Colorado.  The  snow  was  4  ft  deep,  with  the  upper 
"  1.5  ft  composed  of  dry  snow  and  the  lower  2.5  ift  .  composed  of  icy  snow.  The 
unit -weights  of  the  dry  snow  arid  the  icy"  snow  were  8  lb  per  cu  ft  and  ■  ir 


"o  „ 


'I 
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c  Stemmed.  *  2/3  stemmed.  **  1/3  vater  s termed.  §  Above  original  ground  surface 


EXPLOSIVE  DATA  '  .  CHARGE  ||  ^  CRATER  DIMENSIONS 

1  I  I  POSITION  I  ,p01=™T  H 


Above  original  ground  surface 


Table  1  (Continued)  =  .  (9  of  24  sheets) 


§§  Moisture  content  and  temperature'  of  the  clay  varied  over- a  vide  range. 


Detonated  in  shot  numEe'*  303  crater  (item  305) 
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Properties  of  Clays 


<?f  internal  friction,  deg  22 

c  velocity,  fps  5000 
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1.  Since  the  comple^on  of  the  draft  of  this  report,  additional  jj 

°  ..  .  "  -  '*•  ""  •'  ,,  ”  a  .. 

cratering  data  teen,  received^,  These  'data  are  included  herein  and^con-f 

<fbtitute,  along n with  the  .tain  body  of  this  report,  ^all  cratering  data  avail-;! 
able  at  this  time.  The  data  presented  in  table  A1  were  extracted  from  tlssxji  - 
reports  lib%4.d  ^Ss-^eferettces  Al#  and  A 2  in  the  "Source"  column  of  table  Alii'' 


Properties  of  the  Various  Media  Cratered 


l|  Suffield  Experimental  Station  *  ■■  ••  •  "  -  “ 

(SES),  Ralston,  Alberta  ( reference '*A2) 

...  — —  ;  ..  n~  ..... 

2.  Shots  were  fired  at  the  .SES  in  two  areas,  the  Watching  Hill  Range 

and  the  Drowning  Ford  Flats  pangfe.-  The  surface  conditions  at  these  two  .. 
..sites  are  virtually  Identical.  Approximately  80  per  cent  of  all  tested  ma¬ 
terial  was  in  the  silt  range,  that  is,  finer  than  the  No.  200  sieve. 

"Samples  from' the  topmost  layers  had  moisture  contents 
ranging  from  2  to  3  percent  to  ari/jund  20  percent,  and  den-  ... 
cities  in  the  range  73-110  Ib/cu.  ft.  uThe  unlonfined  com¬ 
pressive  strength,  was  on  the  average  about  loll  tons/scf-  ft. 
and  the  shear  strength  ranged  from  0  up  to  a  maximum  .of 
14  t,ons/sq.|ft.  The  percentage  recovery  after  a  c.ompr.es- 
sive  load  of  1000  psi  ranged  from  5  percent  to  18 ^percent. 


■s 


i 


3,  When  the  position  of  the  charge  center  of  gravity  was  not  given, 
"-it,, was  computed  from  knowledge  of  the  charge  shape  and  weight,  and  by  as- 
"  surning  a„ packing  density  of  90  lb  per.cu  ft.  Some vp.f  the  charges  used  were 
■  various  types  of  bombST..  mi  commuting  ..the  actual  weight  of  explosive  con-- 
tained  in  a  bomb,  one-half  of  the  total  weight,  was  assumed  to  be  explosive. 

‘  .V  .•  *  ••  (7,  "l?  // 

P  ^  O-'Ji  ......  w  i^/f- 

Railroad  Vulnerability  -  »  “ '  >•  ,,  "  ■  " ..  .  ' 

'^Program-  (reference  Al)  '  V 

r  *  4.  The  shots  fired  in  the  Railroad  Vulnerabilit;Vprogram  were  deto- 

„  nated  at  Fort  Eustis, ^Virginia.  The  soil  consisted  main'ly.  of  sandy  silt 
except  for  the  378- lb  charges  which  were  fired  in  a  coil  consisting  ..pri¬ 
marily  "of  clay  s  *  ■'  -  a  .  ~  J 

;.  ....  „  .  ■■  '-'v. .  ....  .  . 


'1  ?/■■ 


■■<*$  -  .  '*■  -.7  "  I" 

;>■  '  -  1; 

e  :,;L  s" 


11  "Soil  samples  were  taken  throughout  the  test  area  to 
determine,,  soil -properties  relevant  to  the  test  objectives. 
The  soil  parameters  measured  included  grain-size  distribu¬ 
tion,  Atterbbrg  limits  (liquid  and  plastie7),  cohesive  o 
strength  and  angle  of  infernal  friction,  density,  and, 
moisture  content.  ■  <f"  -  » 

,  "llbst  of  the  soil  encountered  Was  .classified  as  sand 
or  sandy  silt.  In  general,  the  soils  with  the  .higher ‘.per¬ 
centages  o"f  clay  were  found  hear  the  surface.  Both  the 
strength  tests  and  the  Atteriberg  indices  indicated  cohe- ' 
sive  strengths  ranging  from  0  psi  in  the  sands  to  20  pai  <> 
in  the  soils  with  higher  clay  contents, "Al  -j 
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NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR 
OTHER  DATA  ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION 
WITH  A  DEFINITELY  RELATED  GOVERNMENT  PROCUREMENT  OPERATION, 
THE  U.  S.  GOVERNMENT  THEREBY  INCURS  NO  RESPONSIBILITY,  NOR  ANY 
OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE  GOVERNMENT  MAY 
HAVE  FORMULATED,  FURNISHED,  OR  IN  AN  Y  WAY  SUPPLIED  THE  SAID 
DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER 
OR  ANY  OTHER  PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR 
PERMISSION  TO  MANUFACTURE,  USE  OR  SELL  ANY  PATENTED  INVENTION 
THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


